Abstract Mechanochemical synthesis has been successfully employed to prepare Cu 0 -Al 2 O 3 composite powders. The formation of the designed compound is due to the self-propagating reaction of CuO and Al 0 powders by high-energy ball milling using a planetary ball mill (Pulverissette 6, Fritsch GmbH). The products were characterized by means of nitrogen adsorption (BET surface area), X-ray diffraction, scanning electron microscopy and temperature-programmed reduction of hydrogen. The catalytic properties of the prepared materials were tested in the methanol steam reforming (SRM) process. The results show that the Cu 0 -Al 2 O 3 system is active towards hydrogen in SRM. Hydrogen yields are satisfactory; however, methanol conversion to CO as a by-product is observed.
Introduction
Copper-based catalysts are known due to their high activity and selectivity in processes such as methanol synthesis, water gas shift reaction, selective catalytic reduction of NO x , oxidative methanol steam reforming (SRM) as well as in SRM [1] [2] [3] [4] [5] [6] [7] [8] . They are especially important in the last case in spite of the insufficient stability of the process [9] [10] [11] [12] [13] [14] . Several possibilities are reported in the literature on the improvement of catalytic properties. Special attention is directed to methods for producing the catalyst considering, among other things, high dispersion on the support and small particle sizes of Cu and also the addition of promoters [14] [15] [16] [17] [18] [19] . Recently, a detailed review of steam reforming catalysts, also based on copper, was presented by Sá et al. [14] .
The conventional methods of syntheses include mainly wet ones, i.e. impregnation and co-precipitation from aqueous solutions or other solvents. These methods are complex, require the use of heat treatment at high temperatures and/or pressures or maintain proper pH of solution. Moreover, they generate significant amounts of environmentally harmful waste.
Various examples of catalysts can be tested using the above techniques, e.g. the Cu (Zn) (Zr)-alumina prepared through the wet impregnation of metal nitrates as well as co-precipitation using a sodium carbonate and then calcination in both cases (in air at 400°C for 4 h) [1, 15] . The co-precipitation method of Cu/Zn/Zr/Ga oxides applied citric acid solution and then solid residue was thermally treated [20] .
Liu et al. [21] had demonstrated not only the conventional, but also a soft reactive milling procedure for copper-manganese spinel synthesis. The precursors of Cu and Mn were copper hydroxocarbonate and manganese carbonate, respectively, together with solid oxalic acid. The results show the superior performance of mechanochemically synthesized Cu-Mn spinel catalyst in the SRM for hydrogen production as compared with the material obtained by co-precipitation.
Taking the environmental problems into account, mechanochemical syntheses are attracting due to their simplicity, freedom of waste and energy efficiency. These syntheses enable the production of new functional materials (including catalysts) with improved and/or novel physical and chemical properties [22] [23] [24] .
The quality of products strongly depends on the reagents' nature as well as on the mechanochemical treatment conditions. In the CuO-Al system, it is possible to synthesize different kinds of composite powders, e.g. Cu(Al)-Al 2 O 3 , Cu 9 Al 4 -Al 2 O 3 , CuAl 2 -Al 2 O 3 [25, 26] .
The aim of this study was the formation of well-dispersed Cu 0 on Al 2 O 3 via a self-propagating reaction in the CuO-Al 0 system realized by high-energy ball milling and to show the catalytic characteristics of the copper-alumina composite in the steam reforming of methanol. X-ray powder diffraction (XRD) patterns were recorded on a Philips X'Pert diffractometer (CuK a ) in the 2h range of 10-90°. A Hitachi S-4700 instrument (scanning electron microscopy [SEM]) equipped with an energy dispersive X-ray spectrometer was used for microstructural examination and elemental microanalysis.
The BSE imaging and EDX elemental analyses were carried out at an electron beam voltage of 20 kV. The specific surface area was estimated by the BET method, and the pore volume and pore size were measured using the BJH method (N 2 adsorption/ desorption isotherms at 77 K) using a Micromeritics ASAP 2020 V3.04 H apparatus, after out-gassing at 250°C for 4 h.
Temperature-programmed reduction (H 2 -TPR) analyses
Temperature-programmed reduction of hydrogen (H 2 -TPR) is often used to obtain information about metal species with different types of dispersion, and to identify the redox property of a carrier and catalysts system. TPR profiles of coppersupported materials are usually complex, mainly due to particle size of CuO and its interaction with a carrier.
Reduction was carried out from 50 to 650°C with a temperature heating rate of 10°C min -1 using a mixture of hydrogen and helium (5 % vol. H 2 ). A thermal conductivity detector (TCD) determined hydrogen consumption. Zeńczak et al. [27] described apparatus used in the present measurements.
Catalytic tests: steam reforming of methanol (SRM)
The catalytic activity of the initial CuO-Al mixture and Cu 0 -Al 2 O 3 milling products were studied for comparison. The tests were performed in a pulse microreactor giving an excellent possibility to observe the dynamics of changes in catalyst activity. The microreactor was connected on-line with the chromatograph SRI 8610C equipped with TCD and FID detectors. Porapak Q and 5A molecular sieves columns were used for product separation. Argon as a carrier gas (30 ml min -1 ), catalyst in an amount of 0.1 g (fractions from 0.2 to 0.3 mm), and injections (0.6 ll) of CH 3 OH-H 2 O (1:1) pulses up to 40 were used. The reaction temperature was kept 300°C.
Results and discussion
Characteristics of materials used in SRM tests Fig. 1a-c illustrate the XRD patterns of the initial mixture of CuO with Al and milling products after 5 and 10 h. After 5 h as well as 10 h of milling, the metallic copper and amorphous Al 2 O 3 were created (according to reaction 1) and some amount of unreacted CuO and Al reagents were also present.
SEM images of CuO-Al samples are shown in Fig. 2 . It can be seen that the textural and crystal size changes as a result of mechanochemical reduction CuO to Cu. In Fig. 2a , only two phases are present, i.e. initial metallic Al grains partially covered by CuO. After 5 h of mechanochemical treatment, Cu species appeared (Fig. 2b, c) . Al system are shown in Table 1 . After 5 h of milling, an increase of surface area was observed. Generally, the BET values are rather low, although the milling process caused threefold increase of surface area. Elongation of milling time (for 10 h) involves the agglomeration of powder.
The H 2 -TPR profiles are shown in Fig. 3 . The initial CuO-Al mixture shows only one reduction peak with a maximum at 315°C (Fig. 3a) . This peak can be attributed to the reduction of CuO(II) to Cu 0 . Fig. 3b shows the reduction of Cu 0 -Al 2 O 3 -(CuO ? Al) system (after 5 h of milling). Lowering the reduction temperature and decreasing of the hydrogen consumption are evident because of a smaller amount of unreacted CuO as well as the presence of the activated form of copper oxide. There are two maxima at 183 and 255°C. This was also observed by Fierro et al. [29] .
Phenomena occurring in Cu-Al 2 O 3 catalytic system during SRM process According to reaction 2, the molar composition of main products, H 2 and CO 2 , as well as by-product CO (reaction 3), were registered as a function of injection numbers of reactant mixture.
The total conversion of methanol for all investigated samples is shown in Fig. 4 , indicating high values of conversion degrees for milling samples. The course of hydrogen yield is presented in Fig. 5 , and molar ratios of H 2 /CO 2 are collected in Table 2 . These values depend on the amount of CuO in the systems. They are lower than expected one, i.e. stoichiometric value (3.0).
Characteristics of catalysts after SRM reaction Catalytic characteristics of a copper-alumina nanocomposite 87 H 2 -TPR measurements were also conducted on the Cu-Al 2 O 3 /5 h system after the SRM process. A very low value of H 2 consumption indicates the presence of CuO traces (Fig. 3c) .
Conclusions
The results showed the possibility of hydrogen production by the steam reforming of methanol using a mechanochemically treated CuO-Al system, which creates a copper-based catalyst. The metallic copper formed on Al 2 O 3 is the active phase in the SRM process. The selectivity towards hydrogen production is satisfactory at 300°C (70 mol%), although the methanol reforming to CO is still present. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited. 
